Neoplastic growth is associated with increased polyamine biosynthetic activity and content. Tumor promoter treatment induces the rate-limiting enzymes in polyamine biosynthesis, ornithine decarboxylase (ODC), and S-adenosylmethionine decarboxylase (AdoMetDC), and targeted ODC overexpression is sufficient for tumor promotion in initiated mouse skin. We generated a mouse model with doxycycline (Dox)-regulated AdoMetDC expression to determine the impact of this second rate-limiting enzyme on epithelial carcinogenesis. TetO-AdoMetDC (TAMD) transgenic founders were crossed with transgenic mice (K5-tTA) that express the tetracycline-regulated transcriptional activator within basal keratinocytes of the skin. Transgene expression in TAMD/K5-tTA mice was restricted to keratin 5 (K5) target tissues and silenced upon Dox treatment. AdoMetDC activity and its product, decarboxylated AdoMet, both increased approximately 8-fold in the skin. This enabled a redistribution of the polyamines that led to reduced putrescine, increased spermine, and an elevated spermine:spermidine ratio. Given the positive association between polyamine biosynthetic capacity and neoplastic growth, it was somewhat surprising to find that TAMD/ K5-tTA mice developed significantly fewer tumors than controls in response to 7,12-dimethylbenz[a]anthracene/12-O-tetradecanoylphorbol-13-acetate chemical carcinogenesis. Importantly, tumor counts in TAMD/K5-tTA mice rebounded to nearly equal the levels in the control group upon Dox-mediated transgene silencing at a late stage of tumor promotion, which indicates that latent viable initiated cells remain in AdoMetDC-expressing skin. These results underscore the complexity of polyamine modulation of tumor development and emphasize the critical role of putrescine in tumor promotion. AdoMetDC-expressing mice will enable more refined spatial and temporal manipulation of polyamine biosynthesis during tumorigenesis and in other models of human disease.
Introduction
The diamine putrescine and the polyamines spermidine and spermine are cationic molecules found in all eukaryotic cells (1, 2) . Polyamine content is tightly regulated through biosynthesis, catabolism, uptake, and efflux mechanisms to maintain optimal levels that are required for cellular events such as DNA replication, gene transcription, messenger RNA (mRNA) translation, and ion channel function (3) . Excess polyamine accumulation is linked to neoplastic growth, and the pathway is a promising target for the treatment and prevention of cancer (4, 5) .
Ornithine decarboxylase (ODC) catalyzes the production of putrescine in the first rate-limiting step of polyamine biosynthesis.
Numerous mechanisms regulate the expression and activity of ODC (6) including the regulatory protein antizyme (AZ), which inhibits ODC activity, promotes ODC degradation, and suppresses the uptake of exogenous polyamines (7) . ODC levels are extremely low in quiescent cells, increase rapidly and robustly in response to growth promoting stimuli or activated oncogenes, and are constitutively upregulated in neoplastic tissues (8) . ODC has received extensive consideration as an enzyme target for chemoprevention (4) .
S-adenosylmethionine decarboxylase (AdoMetDC) is the second rate-limiting enzyme in the biosynthesis of polyamines (9) . The loss of either decarboxylase gene results in very early embryonic lethality in the mouse (10, 11) . AdoMetDC catalyzes the formation of decarboxylated S-adenosylmethionine (dcAdoMet) from AdoMet. dcAdoMet serves as an aminopropyl donor in the sequential conversions of putrescine to spermidine and spermidine to spermine, which are catalyzed by the independent aminopropyltransferases spermidine synthase and spermine synthase, respectively. The intracellular level of dcAdoMet is normally very low, and the activities of the constitutively expressed aminopropyltransferases are largely controlled by the availability of this substrate. Thus, AdoMetDC activity determines the rate of conversion of putrescine to higher polyamines, and it is highly regulated at multiple levels including transcription, translation, proenzyme processing, catalytic activity, and degradation (1) . AdoMetDC transfection of rodent fibroblasts yields a highly invasive and pro-angiogenic transformed phenotype (12, 13) , and this enzyme has also been proposed as a target for cancer prevention and therapy (5, 14) .
The mouse skin chemical carcinogenesis model (15) has been widely utilized to study epithelial tumor development and its modulation by polyamines. In this model, initiation is accomplished by a single application of the mutagen 7,12-dimethylbenz[a]anthracene (DMBA), and macroscopic tumors are detected following tumor promotion with 12-O-tetradecanoylphorbol-13-acetate (TPA). This treatment regimen leads to the clonal expansion of keratinocytes harboring a DMBA-induced activating mutation in codon 61 of c-Ha-ras (Hras1). Many studies have attempted to characterize the critical biochemical events that drive tumor promotion and early efforts identified rapid and dramatic dose-dependent increases in both ODC and AdoMetDC following TPA application. Moreover, ODC and AdoMetDC activities and polyamine content are constitutively elevated in DMBA/TPA-induced tumors as well as human nonmelanoma skin cancer (16) (17) (18) .
Transgenic mouse models have greatly facilitated studies on the role of polyamine regulatory proteins in normal development as well as disease, with a particular focus on neoplastic growth (19) (20) (21) . Despite the knowledge that TPA induces both ODC and AdoMetDC, the vast majority of attention has focused on the role of ODC in skin carcinogenesis. Studies in transgenic mouse models with keratin promoter-driven overexpression of key polyamine regulatory proteins in specific skin cell populations found that (i) keratin 5 (K5)-ODC and K6-ODC mice develop tumors in initiated skin without the need for tumor promotion (22, 23) ; (ii) K5-AZ and K6-AZ mice exhibit reduced skin tumor development (24) (25) (26) ; and (iii) treatment with the ODC inhibitor α-difluoromethylornithine (DFMO) (25) (26) (27) or heterozygous deletion of the Odc gene (28) reduces tumor susceptibility. Taken together, these studies indicate that ODC induction and increased cellular putrescine content are required for skin tumor development (21, 29) , which provided the rationale to investigate DFMO as a chemopreventive agent for nonmelanoma skin cancer (30) .
Thus far, no in vivo studies have addressed whether increased AdoMetDC activity alters epithelial carcinogenesis. Therefore, our goal was to develop a mouse model with tissue specific and regulated AdoMetDC expression in order to evaluate the role of this enzyme in tumor promotion and progression. We found that overexpression of AdoMetDC promotes the synthesis of spermidine and spermine at the expense of putrescine, which somewhat unexpectedly reduces the susceptibility to skin chemical carcinogenesis. 
Materials and methods

Transgene construction and microinjection
The construct for regulated AdoMetDC expression was produced by inserting a human AdoMetDC (AMD1) complementary DNA (cDNA) into the SalI and SpeI sites of the vector pTMILA that contains an internal ribosome entry site (IRES)-firefly luciferase cassette downstream of the Tet operon repeat sequences ( Fig. 1A) (32) . Human AdoMetDC cDNA was amplified by PCR from plasmid pαMHC-AdoMetDC (33) and was modified to add specific restriction sites and to replace the carboxyl-terminal six residues with a hemagglutinin (HA) epitope with sense primer 5ʹ-GACGCATTAGGTCGACGTTT AATTTAGTTGATTTTCTGTGG-3ʹ (SalI site in italics) and antisense primer 5ʹ-GACGCATTAGACTAGTTCATCAAGCGTAGTCTGGGACGTCGTATG GGTACTTCTTAGCAAAACTGGTAAAAAC-3ʹ (SpeI site in italics and HA epitope-coding sequence underlined). The resulting cDNA is flanked by 53 bp of 5ʹ-untranslated region.
A 5.6-Kb transgene fragment released by NotI digestion of the plasmid pTetO-AdoMetDC was used for microinjection. The transgene was purified using the Perfectprep gel cleanup kit (Eppendorf, Hauppauge, NY) and Elutip-D mini-columns (Schleicher & Schuell, Keene, NH) before microinjection into fertilized FVB/NJ oocytes using standard techniques, and transgenic founders were identified by PCR as described in the next section.
Founder line identification and propagation
All animal studies were reviewed and approved by the Institutional Animal Care and Use Committee of the Pennsylvania State University College of Medicine. Genomic DNA was isolated from tail biopsies and subjected to PCR analysis using the REDExtract-N-Amp Tissue PCR Kit (Sigma) to detect the transgene DNA. The sense primer (5ʹ-GAGCTCGTTTAGTGAACCGTCAG-3ʹ) binds in the TetO-P CMV enhancer/promoter region and the antisense primer (5ʹ-GTATGTCCCACTCAGATCTTGGG-3ʹ) binds in the human AdoMetDC coding region (Fig. 1A) to amplify a 330-bp product only in genomic DNA samples from mice bearing the transgene. A second primer pair that yields a 520-bp product from the mouse ODC antizyme 1 gene (Oaz1) was also included in the reaction and provides a positive control for successful PCR amplification from each genomic DNA sample (24) .
To enable regulated AdoMetDC expression in the skin, TetO-AdoMetDC (TAMD) founders or their progeny were bred to hemizygous K5-tTA mice (FVB/N-Tg(KRT5-tTA)1216Glk (34) ) to produce approximately equal numbers of TAMD/K5-tTA, TAMD, K5-tTA, and wild-type littermate controls. All transgenic lines were maintained on an inbred FVB/NJ background (Stock 001800, Jackson Labs, Bar Harbor, ME), and offspring were genotyped for both transgenes by PCR. The K5-tTA transgene was identified with sense (5ʹ-CGCCCAGAAGCTAGGTGTAG-3ʹ) and antisense primers (5ʹ-GCTCCATCGCGATGACTTAG-3ʹ) that hybridize within the tTA coding region and yield a 200-bp product. All experimental groups utilized approximately equal numbers of male and female mice from multiple litters and no sex-dependent differences were observed.
Short-term TPA experiments
An area of caudal dorsal skin (approximately 2.5 × 2.5 cm) was shaved at 7-8 weeks of age with surgical clippers, and 6.8 nmol of TPA (Calbiochem-Novabiochem Corp., La Jolla, CA) in 200 µl of acetone was applied 16-24 h later. For multiple applications of TPA, mice were treated twice weekly for 2 weeks at 3-4-day intervals. Mice were euthanized by CO 2 asphyxiation at the indicated time after treatment, and treated skin was separated into epidermal and dermal fractions for biochemical analysis (24) or fixed in 10% neutral buffered formalin. 
DMBA/TPA skin chemical carcinogenesis
AdoMetDC expression suppresses skin carcinogenesis
acetone applied topically to dorsal skin. Tumor promotion began at 8 weeks of age with twice weekly application of 6.8 nmol TPA in 200 µl acetone. For each genotype, the treatment groups were: (i) 10 mice received DMBA alone and were monitored for 40 weeks for tumor development; (ii) approximately 30 mice received both DMBA and TPA and were monitored for 25 weeks of tumor promotion; and (iii) approximately half of the mice in (ii) were switched to a diet containing 2 g/kg doxycycline (Dox; Bio-Serv, Frenchtown, NJ) and tumors were monitored for an additional 10 weeks, while TPA promotion was continued. Tumor volume was calculated as mm 3 = length × (width) 2 × 0.52.
Skin and tumor sample processing and biochemical assays
For AdoMetDC and ODC activities, tissue extracts were assayed in duplicate as described (24, 33) . For luciferase activity, 10 µl tissue supernatant processed in AdoMetDC harvesting buffer was diluted in 40 µl passive lysis buffer and assayed in duplicate using the Luciferase Assay System (Promega, Madison, WI) and a Monolight 2010 luminometer (Analytical Luminescence Laboratory, Ann Arbor, MI). Enzyme activity values were normalized to total protein levels determined using the Bio-Rad dye reagent (Bio-Rad Laboratories, Hercules, CA) with BSA standard. Cytosolic proteins were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membrane for western blotting using anti-HA antibody with the signal visualized by chemiluminescence detection (Cell Signaling Technology, Beverly, MA). Polyamine (24) and AdoMet/ dcAdoMet (31) levels were quantified by HPLC as described and normalized to total protein or tissue wet weight.
Histopathology
An ACVP-diplomate veterinary pathologist evaluated all samples in a blinded manner. Hematoxylin and eosin-stained sections were scored for hair follicle morphogenesis and hair follicle cycle stages (35, 36) , and preneoplastic and neoplastic lesions were evaluated according to standard criteria (37, 38) .
Statistical analysis
For DMBA/TPA carcinogenesis studies, statistical comparisons were performed with Mann-Whitney U-test for tumor multiplicity and log-rank test of the Kaplan-Meier tumor-free survival curves for tumor incidence. The change in tumor multiplicity between before Dox (25 weeks of promotion) and after Dox (35 weeks of promotion) treatment was compared by a two-tailed paired Student's t-test. All other comparisons utilized the two-tailed, unpaired Student's t-test.
Results
Generation of bitransgenic mice with regulated AdoMetDC expression
To evaluate the effects of increased AdoMetDC activity on mouse skin carcinogenesis, we generated mice with targeted and regulated AdoMetDC expression by utilizing the Tet-off system that relies on two independent transgenes. The first transgene ( Figure 1A ) included a human AdoMetDC (AMD1) cDNA insert with a greatly abbreviated 5ʹ untranslated region to abrogate translational regulation by polyamines (39) . The cDNA was also modified to replace the carboxyl-terminal six residues, which are not essential for enzyme processing or activity (9) , with an HA epitope to facilitate the detection of transgene-derived AdoMetDC and differentiate it from the endogenous protein.
TAMD transgenic mice were produced and then bred with K5-tTA transgenic mice that express tTA in basal cells of the skin and other stratified epithelia. This system ( Figure 1B ) allows for spatial and temporal control of transgene expression in bitransgenic TAMD/ K5-tTA mice that will be restricted to tissues where the K5 promoter is active and will be silenced upon administration of the tetracycline analog Dox. Genomic DNA screening ( Figure 1C ) identified eight potential founder mice (designated A to H), but only six founders transmitted the transgene to their offspring upon breeding. As soon as mice began to develop the hair coat, bitransgenic TAMD/K5-tTA mice from two founder lines (A and B) exhibited a thin fur phenotype that was retained throughout their lifespan. When nursing dams were fed Dox-containing chow (2 g/kg) from the day of delivery and pups were maintained on this diet after weaning, this thin fur phenotype was not observed through 7 weeks of age (data not shown). For line TAMD(A), bitransgenic mice were produced at a slightly lower frequency than expected [120 of 617 weaned mice (19.4%)], but a complete necropsy of adult animals failed to reveal any pathology or developmental abnormalities.
Characterization of transgene expression in bitransgenic mouse skin
The TAMD construct contains an IRES-luciferase cassette that enables translation of the luciferase reporter protein from the same mRNA transcript as AdoMetDC in bitransgenic mice. Luciferase activity thus serves as a surrogate marker of transgene expression and was utilized to evaluate transgene expression characteristics in the TAMD founder lines. Both in vivo bioluminescence imaging (Supplementary Figure 1A , available at Carcinogenesis Online) and in vitro assays of luciferase activity (Supplementary Table I , available at Carcinogenesis Online) showed that luciferase expression was detected in bitransgenic mice from all six founder lines with the highest levels in line A. When bitransgenic pups from line A were treated with Dox beginning at 1 day old, epidermis and dermis from 8-week-old mice had minimal luciferase activity. Bitransgenic TAMD/K5-tTA mice from founder line A also exhibited robust luciferase activity in additional tissues where the K5 promoter is active (Supplementary Table II , available at Carcinogenesis Online). In contrast, almost no expression was detected in randomly selected non-K5-expressing tissues or in any tissues from single transgenic TAMD mice. Therefore, the model allows for Dox-regulated and tissue-specific AdoMetDC expression in bitransgenic animals.
Based on the luciferase activity results and clear evidence of transgene-derived AdoMetDC protein in dermal extracts (Supplementary Figure 1B , available at Carcinogenesis Online), we focused on lines A and B to specifically quantify AdoMetDC enzymatic activity in the skin of 7-week-old mice (Table I ). Bitransgenic mice from line A exhibited a 7.2-fold increase in AdoMetDC activity in epidermis and a 7.8-fold increase in dermis. Mice from line B had lesser increases of 2.7 and 1.8-fold in epidermal and dermal activities, respectively.
AdoMetDC catalyzes the production of the aminopropyl donor dcAdoMet from AdoMet; therefore, the impact of AdoMetDC overexpression on skin AdoMet/dcAdoMet content was measured in dermis of TAMD/K5-tTA mice from line A and controls. As shown in Table I , dermal dcAdoMet levels rose by 8-fold, which is similar to the fold increase (7.8-fold) in AdoMetDC activity. The AdoMet level was also increased by 2.4-fold in the dermis of bitransgenic mice. Mice from TAMD line A were used for all subsequent studies.
TPA-stimulated AdoMetDC and ODC induction in bitransgenic mouse skin
To evaluate the effects of AdoMetDC expression on tumor promoter-stimulated polyamine biosynthesis in the skin, ODC and AdoMetDC activities were measured after a single application of TPA or acetone vehicle. A pilot experiment with wild-type FVB mice indicated the peak AdoMetDC activity occurred 12 h after TPA and peak ODC activity was at 4 h (data not shown). Skin tissues were isolated at these times after TPA application (6.8 nmol) and assayed for epidermal and dermal enzyme activity (Table II) . As expected, basal AdoMetDC activity was highest in TAMD/K5-tTA skin. At 12 h after TPA treatment, bitransgenic mice again exhibited the highest levels of AdoMetDC activity even though the fold increase in AdoMetDC activity was greater in the wild type and single transgenic control groups. Therefore, AdoMetDC activity in bitransgenic mouse skin is constitutively elevated within a physiological range that is similar to the level induced transiently by TPA in wild-type mice.
ODC activity in acetone-treated skin was very low in all genotype groups with a modest elevation in K5-tTA and TAMD/K5-tTA epidermis and dermis (Table II) . To further investigate this unexpected finding, we conducted histopathological analysis of skin sections taken from these same animals. While nearly all follicles from the wild type and TAMD single transgenic mice were in the resting phase (telogen) or earliest growth phase (anagen I) of the hair cycle, follicles from the K5-tTA and TAMD/K5-tTA mice were primarily in the later stages of anagen (Supplementary Figure 2 , available at Carcinogenesis Online). This is likely to account for the increased ODC activity in acetone-treated K5-tTA and TAMD/K5-tTA mice because it is known that anagen hair follicles have elevated ODC activity and polyamine levels (40) .
TPA induced a dramatic increase in the epidermal ODC activity in wild type and TAMD single transgenic mice (Table II) . Surprisingly, K5-tTA and TAMD/K5-tTA bitransgenic mice exhibited a greater than 70% reduction in epidermal ODC activity relative to wild-type animals. TPA increased dermal ODC activity to a lesser extent relative to epidermis for all groups, and again, K5-tTA and TAMD/K5-tTA mice exhibited reduced ODC activity. The observation of altered hair follicle cycling and impaired TPA induction of ODC in both K5-tTA and TAMD/K5-tTA skin indicates that these effects are related to the K5-tTA transgene rather than increased AdoMetDC expression and activity.
TPA-stimulated proliferation and polyamine accumulation in bitransgenic mouse skin
To determine whether AdoMetDC expression affects tumor promoter-induced proliferation in the basal keratinocyte compartment, skin sections were analyzed for BrdU incorporation after single or multiple TPA (6.8 nmol) applications (Supplementary Table III , available at Carcinogenesis Online). The interfollicular basal cell labeling index at the peak time (17 h) after a single application of TPA or 24 h after the last of four TPA applications (twice weekly for 2 weeks) was slightly reduced in TAMD/K5-tTA mice although the reduction was not statistically significant. However, epidermal thickness was significantly reduced in both K5-tTA and TAMD/ K5-tTA mice. Thus, the skin of K5-tTA and TAMD/K5-tTA mice is hyposensitive to TPA-mediated epidermal thickening.
We also examined whether AdoMetDC transgene expression altered polyamine levels following four TPA applications over a 2-week period with mice analyzed 24 h after the last treatment. TAMD/K5-tTA epidermal putrescine levels were reduced (45%), while spermine levels and the spermine:spermidine ratio (45%) was elevated compared with control groups (Supplementary Table IV , available at Carcinogenesis Online). Measurements of polyamine content in untreated skin were extremely variable due to the altered hair follicle cycling in K5-tTA and TAMD/K5-tTA mice.
Hair follicle morphogenesis and skin polyamine content in newborn bitransgenic mice
We analyzed newborn mouse skin in an attempt to identify an age when mice of all four genotypes exhibit similar follicle morphology to better determine the effect of AdoMetDC expression on skin polyamine content. There were no differences in hair follicle morphogenesis stage (Figure 2A ) or hair follicle density ( Figure 2B ) between any of the four genotypes at day 1 of age. Putrescine content was significantly reduced (49%) and the spermine:spermidine ratio was significantly elevated (44%) in TAMD/K5-tTA mice relative to controls ( Figure 2C ), which is in agreement with the results in 4× TPA-treated skin (Supplementary  Table IV , available at Carcinogenesis Online). Therefore, the additional dcAdoMet supplied by transgenic AdoMetDC expression stimulates a shift in polyamine content from putrescine to spermine without substantially increasing total polyamine levels.
Susceptibility of AdoMetDC-expressing mice to skin chemical carcinogenesis
We utilized DMBA/TPA chemical carcinogenesis to determine the impact of increased AdoMetDC activity on susceptibility to skin tumor development. Based on the knowledge that anagen skin is more sensitive to DMBA initiation (15) and our findings that hair follicle stages differed from controls in 7-8 week old but not 1 day old TAMD/K5-tTA skin, we chose to initiate 1-day-old mice with DMBA (200 nmol). The genetic alterations induced by DMBA are irreversible, and TPA promotion (6.8 nmol) began at 8 weeks of age.
The wild type and TAMD single transgenic mice exhibited nearly identical tumor responses in all measured parameters. However, TAMD/K5-tTA and K5-tTA mice both developed significantly fewer tumors per animal than wild-type mice ( Figure 3A and 3B ). An independent group also reported reduced tumor susceptibility in K5-tTA mice during the course of our experiment (41) . Therefore, K5-tTA mice represent the proper control group to determine the effects of AdoMetDC on skin tumor susceptibility in TAMD/K5-tTA mice. The average tumor multiplicity was 46% lower in TAMD/K5-tTA relative to K5-tTA mice and tumor incidence was also reduced. Tumors from TAMD/K5-tTA and K5-tTA mice were much smaller than those from wild type and TAMD controls but not statistically different from each other ( Figure 3C ). There was a low rate of progression to squamous cell carcinoma (SCC) after 25 weeks of tumor promotion, with one to two total SCCs identified by gross appearance and confirmed 
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histopathologically in each of the four groups. An additional one to two total SCCs per group were identified by histopathological analysis of randomly selected tumors (n = 10-12 tumors scored per group), and the rest were classified as papillomas. In contrast, TAMD/K5-tTA mice and all three control genotypes (n = 10/group) treated with a single dose of DMBA (200 nmol) alone did not develop any tumors through 40 weeks of observation. Therefore, unlike ODC (22, 23) , elevated AdoMetDC activity is not a sufficient stimulus to drive tumor promotion in initiated skin. Instead, AdoMetDC overexpression unexpectedly suppressed skin tumor promotion.
We then sought to conclusively demonstrate that the increased AdoMetDC activity is responsible for the reduced tumor susceptibility and to determine the reversibility of this phenotype. After 25 weeks of promotion, TAMD/K5-tTA mice were transferred to Dox-containing chow to silence transgene expression, and luciferase activity was reduced over 500-fold in skin and tumor tissue from Dox-treated TAMD/K5-tTA mice (data not shown). TPA promotion was continued, and tumor number was monitored for an additional 10 weeks to detect the emergence of latent initiated cells as macroscopic papillomas ( Figure 3D ). Tumor counts in Dox-treated TAMD/K5-tTA mice increased by 213% (P < 0.005) to nearly equal the tumor multiplicity in the K5-tTA control group, which increased by only 24% (P = 0.252). Tumor multiplicity in wild type and TAMD groups increased similarly (26% and 28%, respectively).
Luciferase, AdoMetDC, and ODC activities in skin and tumors
Mice were sacrificed 1 week following 25 weeks of tumor promotion to measure luciferase, AdoMetDC, and ODC activities in skin and tumor extracts (Table III) . TAMD/K5-tTA mice exhibited robust luciferase activity in the skin that was further elevated in tumor tissue. AdoMetDC was elevated in tumors relative to skin for mice of all genotypes, and skin and tumors from TAMD/K5-tTA mice showed significantly higher AdoMetDC activity than controls. ODC activity was highly increased in tumors relative to adjacent skin for mice of all genotypes. There were no statistically significant differences between tumor polyamine levels of TAMD/K5-tTA mice and controls (data not shown). Taken together, these results indicate that TAMD/K5-tTA mice exhibit reduced tumor susceptibility and the tumors that these animals develop maintain transgene expression.
Discussion
Carcinogenesis studies in mouse models with genetically modulated polyamine metabolism clearly confirmed the prediction that enhanced polyamine biosynthesis contributes to tumor promotion (21, 29) . However, overexpression of spermidine/spermine-N 1 -acetyltransferase (SSAT), which catalyzes the rate-limiting step that boosts polyamine excretion and catabolism via N 1 -acetylpolyamine oxidase, paradoxically enhanced tumor promotion and progression in mouse skin and intestine (42, 43) . Thus, it was clear that the functional contribution in (A) . The average number of follicles connected to the interfollicular epidermis was determined in eight high-power fields for 3-7 mice per genotype. Bars represent mean ± standard deviation (SD). (C) Polyamine levels (left y-axis) and the spermine:spermidine ratio (right y-axis) were determined in whole skin samples harvested from the dorsal surface of newborn mice (1 day old). Bars represent mean ± SD, n = 3 to 5.
* P < 0.05, ** P < 0.005 versus wild type; *** of polyamine metabolizing enzymes was not easily predicted and the lack of AdeMetDC-expressing models was an obvious knowledge gap. Therefore, we generated the first transgenic mouse model with regulated AdoMetDC expression to enable tissue-specific and stage-selective expression of this enzyme in order to evaluate its role in epithelial carcinogenesis. Our studies and others (41) have demonstrated that K5-tTA mice exhibit alterations in hair follicle cycling, which impacts measurements of polyamine biosynthetic activity and content, along with reduced sensitivity to TPA-induced hyperproliferation and resistance to DMBA/TPA carcinogenesis that is not reversed upon Dox treatment. Likely mechanisms to explain these results are genomic alterations induced by transgene integration or tTA protein interaction with endogenous transcription factors or other proteins. The lack of widespread reports of tTA or rTA effects on tumor susceptibility in the numerous other transgenic models that have utilized these proteins supports the former, and the strong impact on tumor susceptibility argues that further characterization of the transgene integration site is warranted. This knowledge mandates that care must be taken in the initiation stage of chemical carcinogenesis and that ) was calculated and size range (mm in maximum dimension) was classified for all tumors after 25 weeks of tumor promotion. Total tumor counts were wild type, n = 105; TAMD, n = 151; K5-tTA, n = 75; and TAMD/K5-tTA, n = 31. (D) Following 25 weeks of tumor promotion, a cohort of the mice was switched to Dox-containing diet (2 g/kg) to silence transgene expression, and tumor counts (group average) were monitored for an additional 10 weeks, while TPA promotion was continued. K5-tTA, n = 13 and TAMD/K5-tTA, n = 11. Whole skin and tumors were isolated from DMBA/TPA-treated animals ( Fig. 3) 1 week after the completion of 25 weeks of TPA application and assayed for luciferase (RLU/10 s/mg protein, mean ± standard error of mean, n = 8), AdoMetDC, and ODC activity (pmol CO 2 /30 min/mg protein, mean ± SD, n = 4 to 5). ND, not determined. *P < 0.05 versus wild type and K5-tTA,**P < 0.05 versus wild type.
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AdoMetDC-mediated effects must be defined based on comparisons of TAMD/K5-tTA mice to the K5-tTA or Dox-treated TAMD/K5-tTA groups rather than wild-type animals. Using this approach, we clearly demonstrated that tissue-specific AdoMetDC overexpression leads to increased dcAdoMet content, a shift in polyamine profile from putrescine to spermine and a reversible inhibition of tumor promotion. Hair follicle density and morphogenesis stage was uniform in 1-day-old mice of all genotypes, and TAMD/K5-tTA mice specifically exhibited reduced putrescine content and an increase in the spermine:spermidine ratio. A similar shift in the polyamine profile was observed in adult skin following multiple TPA applications. Many previous studies clearly demonstrate that dcAdoMet availability limits spermine synthesis in vivo (44) ; therefore, AdoMetDC overexpression facilitates the conversion of putrescine to spermine by providing more of the dcAdoMet substrate that typically limits the activity of the aminopropyltransferases. This raises the question of whether the resistance to tumor development is mediated by reduced putrescine or increased spermine and spermine:spermidine ratios. The latter is very unlikely based on our recent demonstration that mice with constitutive high-level overexpression of spermine synthase, with a resulting increase in spermine and spermine:spermidine ratio, do not exhibit any change in DMBA/TPA susceptibility (44) . Conversely, an extensive body of evidence acquired through treatment with DFMO, increased AZ expression and reduction in Odc copy number supports the concept that tumor promotion is impaired by restricted putrescine accumulation in the skin (21, 29) as well as other tissues (45) (46) (47) .
An alternative hypothesis for the reduced tumor appearance in the presence of elevated AdoMetDC activity is that increased spermine levels could lead to feedback stimulation of SSAT expression and activity via numerous well-characterized mechanisms (48) . Elevated SSAT activity is known to suppress prostate carcinogenesis and induce flux through the polyamine pathway (49, 50) . Thus, SSAT induction could set up a futile cycle that consumes critical precursor molecules, notably adenosine triphosphate and acetyl-CoA, thereby resulting in cellular energy depletion and reduced capacity for neoplastic growth. Increased (30 to several hundred-fold) tissue levels of the SSAT product N 1 -acetylspermidine (N 1 -AcSpd) are a hallmark of mouse models with SSAT overproduction (51) . However, very low levels N 1 -AcSpd were detected in tumors from TAMD/K5-tTA mice (3.8 ± 1.6% of the spermidine content), and these levels were equivalent to those found in wild-type mice (3.5 ± 0.5%) as well as Dox-treated TAMD/K5-tTA animals (3.8 ± 1.3%). N 1 -AcSpd was not detected in newborn skin or TPA-treated adult skin taken from mice of any genotype. These results, together with previous studies clearly demonstrating that targeted SSAT expression actually enhances susceptibility and progression in the DMBA/TPA carcinogenesis model (42, 52) , argue against SSAT-mediated energy depletion as the mechanism whereby increased AdoMetDC activity suppresses tumor development in TAMD/K5-tTA animals.
Another alternative hypothesis to explain the tumor resistance phenotype includes altered DNA methylation patterns and gene expression. Cellular dcAdoMet is committed to polyamine biosynthesis and its content is typically <5% of AdoMet. With extensive spermidine and spermine depletion following long-term DFMO treatment of cultured cells, AdoMetDC activity is dramatically induced and levels of dcAdoMet can exceed AdoMet (53) . Importantly, AdoMet is the methyl donor for numerous reactions including those catalyzed by DNA methyltransferases, and high levels of dcAdoMet can act as a competitive inhibitor to alter methylation of newly replicated DNA and subsequently gene expression. The absence of a massive increase in dcAdoMet content or depletion of AdoMet within the skin of TAMD/K5-tTA mice argues against this hypothesis, but it is worthy of further consideration in future studies.
Interestingly, upon silencing of AdoMetDC expression, latent initiated cells developed into macroscopic tumors. We conclude that elevated AdoMetDC activity in TAMD/K5-tTA mice leads to reduced tumor multiplicity because initiated cells are blocked from developing into macroscopic tumors during the tumor promotion stage. These cells persist in a viable state in the skin and are capable of further growth upon removal of the transgene-derived AdoMetDC. Therefore, putrescine restriction via AdoMetDC overexpression does not irreversibly eliminate initiated cells, which is analogous to previous reports of skin tumor reappearance following cessation of DFMO treatment (54) . It is unlikely that AdoMetDC expression affects the initiation stage by altering DMBA metabolism or its interaction with DNA, or that TAMD/ K5-tTA mice harbor fewer initiated cells or targetable stem cells because tumor counts rebound to nearly equal those in the K5-tTA control group upon AdoMetDC silencing with Dox. This issue could be further studied in our model by treating with Dox prior to DMBA.
The discovery of reduced tumor susceptibility following AdoMetDC-mediated enhancement of polyamine biosynthetic capacity was somewhat surprising. The overexpression of ODC, the other rate-limiting decarboxylase in polyamine biosynthesis, is sufficient to promote Ras or UV-initiated keratinocytes (29) . Elevated AdoMetDC activity has been associated with proliferative stimuli and AdoMetDC transfection of rodent fibroblasts results in a highly invasive, pro-angiogenic transformed phenotype (12, 13) . These seemingly conflicting concepts can be reconciled by considering the context of each of the experiments. It is likely that additional genetic or epigenetic alterations can profoundly affect the phenotype associated with AdoMetDC overexpression. Our studies involved increasing AdoMetDC activity within the physiological range in the absence of extensive genetic instability as opposed to supraphysiological expression in tumor or nontransformed cell lines selected for viability in culture. The concurrent levels of ODC activity or polyamine uptake activity are likely to be extremely important in determining the ability of AdoMetDC to deplete putrescine and suppress tumor growth. Therefore, the biological effects of AdoMetDC may differ in an initiated cell compared with a tumor that exhibits constitutive ODC induction, and it will be interesting to evaluate the effects of de novo AdoMetDC induction in tumors of a more advanced stage. Finally, a previous study demonstrated that an AdoMetDC inhibitor suppresses DNA and protein synthesis in the skin (55) and the enzyme has been targeted in cancer clinical trials (5, 14) . Our results do not conflict with the premise that AdoMetDC inhibitors would also exhibit antitumor effects because spermidine is clearly essential for cell growth (1) .
AdoMetDC-expressing mice also exhibited a thin fur phenotype that was reversible upon Dox administration. Interestingly, a new mouse model that utilizes the same approach to achieve regulated AZ expression in the skin exhibits a very similar phenotype (D.J.Feith, in preparation). These results are not unexpected because previous studies demonstrate that DFMO treatment suppresses hair growth in both mice and humans, and other mouse models demonstrate extreme hair loss upon ODC or SSAT overexpression (40) . The effects of elevated AdoMetDC activity or increased AZ expression on hair follicle morphogenesis, structure, and cycling will be further characterized and reported elsewhere.
In summary, our new mouse model with regulated AdoMetDC expression led to the novel in vivo finding that increased AdoMetDC activity impairs skin tumor promotion. This versatile model will facilitate more sophisticated temporal and spatial manipulation of cellular polyamine content in the mouse. Our studies may also have general implications for human disease. First, it is tempting to propose that modest inherent differences in AdoMetDC activity within the human population impact individual susceptibility to some tumor types as previously characterized for ODC (6) . Second, the development of AdoMetDC inhibitors continues, but their clinical niche has yet to be determined. Preclinical analyses demonstrate profound increases in putrescine content in response to these agents, and transfection of an antisense AdoMetDC construct actually transforms rodent fibroblasts (13) . Our studies predict that AdoMetDC inhibitors could enhance putrescine-mediated tumor promotion of latent initiated cells, such as sun-damaged keratinocytes, which clearly supports the utilization of AdoMetDC inhibitors in combination with DFMO in order to mitigate this risk.
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